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1 We have used a range of in vitro electrophysiological techniques to investigate the mechanism of
rapid cortisol neuromodulation of parvocellular neurones in the rat paraventricular nucleus.

2 In our study, we found that cortisol (10 mM) increased spontaneous action ± current ®ring
frequency to 193%. This e�ect was insensitive to the glucocorticoid intracellular-receptor antagonist
mifepristone.

3 Cortisol (0.1 ± 10 mM) had no detectable e�ects on whole-cell GABA current amplitudes, or
GABAA single-channel kinetics.

4 Cortisol (10 mM) inhibited whole-cell potassium currents in parvocellular neurones by shifting the
steady-state activation curve by 14 mV to the right.

5 Additionally, in a cell line expressing both the glucocorticoid intracellular receptor and
recombinant, fast inactivating potassium channels (hKv1.3), cortisol (1 and 10 mM) inhibited
potassium currents by shifting their steady-state activation curves to the right by 12 mV (10 mM
cortisol). This e�ect was also insensitive to the cortisol antagonist, mifepristone.

6 These data suggest that inhibition of voltage-gated potassium channels may contribute to the
rapid neuromodulatory e�ects of cortisol, possibly by direct interaction with the ion channel itself.
British Journal of Pharmacology (2002) 137, 87 ± 97. doi:10.1038/sj.bjp.0704832
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Introduction

Physiological and psychological stress cause activation of the

sympathetic nervous system and secretion of glucocorticoids
(GCs, mostly cortisol in humans) from the adrenal cortex.
The pattern and regulation of glucocorticoid secretion is very
complex, although the so-called `stress response' is largely co-

ordinated by the hypothalamus, and speci®cally by neurones
in the parvocellular subnucleus of the paraventricular nucleus
(PVN, Sawchenko et al., 1996).

The parvocellular subnucleus of the hypothalamus is a
region of the PVN which contains both neurons with axons
that synapse with sympathetic preganglionic neurones, and

corticotrophin releasing factor (CRH) neurones which project
to the hypothalamic medial eminence (Sawchenko et al.,
1996). A variety of stimuli induce the secretion of CRH,

which in turn increases the secretion of adrenocorticotrophic
hormone (ACTH) and thence GCs (Buckingham, 1979a).
Released GCs can exert a classic negative feedback on the
hypothalamic ± pituitary ± adrenal (HPA) axis, suppressing

the release of both ACTH and CRH, thus limiting GC's
own secretion (Buckingham, 1996).

In addition to these classical e�ects, GCs exert a number of

other e�ects on neuronal activity. Iontophoretic application
of cortisol has been reported to both excite and inhibit action
potential ®ring in rat PVN neurones (Kasai et al., 1988), and
to increase neuronal activity in other regions of the

hypothalamus and brain (Avanzino et al., 1984; 1987;
Feldman & Dafny, 1970; Filaretov, 1976; Venero & Borrell,
1999). The precise physiological signi®cance of these e�ects is

unclear, but direct modulation of parvocellular neurones
could potentially contribute to HPA-axis feedback, or to the
modulation of sympathetic out¯ow arising from the central

administration of cortisol (Takahashi et al., 1983).
Whilst many of the classical actions of GCs involve

interaction with an intracellular receptor, transcription of

lipocortins and sustained e�ects (Buckingham, 1996), many
neuromodulatory actions occur within a few seconds of
exposure to GCs, by some rapid, non-genomic mechanism(s)
(reviewed by Falkenstein et al., 2000). The rapid modulatory

actions of other neuroactive steroids (e.g., pregnenolone
sulphate, tetrahydroxycorticosterone and allopregnanolone)
mostly involve interaction with the GABAA receptor (Paul &

Purdy, 1992), and there is some evidence to suggest that GCs
may act via a similar pathway (GCs reduce GABA binding to
rat brain homogenates for example, and reduce the amplitude
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of GABA responses in amphibian neurones (Ariyoshi &
Akasu, 1986; Majewska et al., 1985; Majewska, 1987). Other
studies suggest another potential target for the cortisol action

is the potassium ion channel. For example, Chen et al. (1991)
found neuromodulation of guinea-pig coeliac ganglia neu-
rones to be primarily associated with the modulation of
potassium channels. Regulation of neuronal potassium

channels by GCs is an attractive hypothesis given that
potassium channel modulation is a major pathway for
regulating membrane excitability in the CNS (Brown, 1990;

Miyake et al., 1989; North, 1989; Stan®eld et al., 1985).
In this study, we have used a range of electrophysiological

techniques to investigate the mechanism by which cortisol

rapidly modulates the activity of parvocellular neurones of the
PVN. We ®nd an increase in neuronal activity in response to
application of cortisol that was independent of the GC

intracellular receptor. We ®nd no modulation of GABAA

current by cortisol at either the single channel or whole-cell
level, but rather an inhibition of voltage-gated potassium
currents, suggesting that cortisol may exert some of its rapid

neuronal e�ects through direct potassium channel modulation.

Methods

In vitro slice experiments

Slices of paraventricular nucleus were prepared using the
methods of Barrett-Jolley et al. (2000). Brie¯y, young adult

rats (3 ± 5 weeks) were killed by an overdose of anaesthetic
(Sagital) and the brain removed to iced, low-Ca2+ arti®cial
cerebrospinal ¯uid (ACSF, solution I, Table 1). The general
area of the hypothalamus was blocked and glued in the

chamber of a Campden Instruments Vibroslice. The chamber
was maintained at 0 ± 48C by frequent addition of iced low-
Ca2+-ACSF (solution I, Table 1). Coronal slices, approxi-

mately 200 mm, were cut and removed to a multiwell culture
dish containing normal ACSF (solution II, Table 1). The
culture dish was incubated at 35 ± 378C and bubbled with

95% O2 ± 5% CO2, for at least 1 h prior to recording.
Neurones were visualized with a Nikon E600FN Eclipse

upright microscope equipped with near infrared DIC optics.

Action current frequency experiments (slice)

Action potential propagation through a neurone under cell-

attached patch clamp results in a detectable `action current'.
Calculation of the action ± current frequency can then be used
as a measure of the underlying action ± potential frequency.
In this study action currents were measured with the cell-

attached patch technique following methods similar to
Fenwick et al. (1982) and Wolters et al. (1994).

Neurones were superfused with a normal ACSF solution

(solution II, Table 1) at 34 ± 368C and patch pipettes were
®lled with solution III (Table 1). Following seal formation
(cell-attached patch), the command voltage was permanently

set to 0 mV. Measured current is then the sum of the resistive
and capacitance currents ¯owing between the cell interior and
the patch pipette. It is theoretically possible to derive

absolute membrane potential values for the underlying action
potential (Fenwick et al., 1982), however, this requires very
accurate discrimination between membrane patch resistance
and seal resistance. In the experiments reported in this paper,

action currents are used simply to allow precise measurement
of underlying action ± potential frequency without penetration
of the cell, or rupture of the cell membrane. Importantly, this

method does not disturb the intracellular environment of the
target neurone.

We found a number of parvocellular PVN neurones to be

spontaneously active; such spontaneous action potential
generation could result from either intrinsic membrane
properties (such as Andrew, 1987) or from a net excitatory

synaptic input. We found that imposition of synaptic block,
by either addition of elevated Mg2+ or a combination of
excitatory amino acid antagonists D(7)- 2-amino-5-phos-
phonovaleric acid (APV) and 6,7-dinitroquinoxaline-2-3-

dione (DNQX), greatly reduced, or abolished spontaneous
action current ®ring: Action current ®ring was reduced to
36+17% (n=3) by 10 mM Mg2+, and to 2+1.4% (n=4)

50 mM APV and 10 mM DNQX (combined). This strongly
suggests that spontaneous action potential ®ring of parvo-
cellular neurones arises from a tonic excitatory synaptic

input, consistent with the observations of Bains & Ferguson
(1995) who showed that parvocellular neurones receive
excitatory glutaminergic input.

Table 1 Composition of solutions (mM)

NaCl Na2S04 KCI K-gluconate CsCl Mg2Cl Ca2Cl NaHCO3 NaH2PO4 Glucose EGTA HEPES PH*

I Dissection 125 0 2.5 0 0 1.2 0.5 26 1.25 10 0 0 7.4
95% O2

5% CO2

II ACSF 125 0 2.5 0 0 1.2 2.5 26 1.25 10 0 0 7.4
95% O2

5% CO2

III 0 0 0 140 0 1 0 0 0 0 10 10 7.2
NaOH

IV 20 60 3 0 0 3.5 1.5 0 0 11 0 10 7.4
NaOH

V 10 0 0 0 140 1 0 0 0 0 5 5 7.2
KOH

VI 140 0 5 0 0 1.2 1.2 0 0 10 0 10 7.4
NaOH

*pH was adjusted to the value given, either by bubbling with 95% O2 and 5% CO2, or by addition of NaOH or KOH, as stated.

British Journal of Pharmacology vol 137 (1)

Rapid neuromodulation by cortisol in the rat PVNA. Zaki & R. Barrett-Jolley88



Actions of drugs were assessed following at least 2 min of
exposure, and expressed relative to the pre-exposure
frequency. Neurones with initial action-current frequency of

above 0.05 Hz were accepted for study. In some previous
studies involving GC action on neuronal activity, each target
neurone was designated as being either inhibited, excited or
not sensitive to GCs (e.g., Kasai & Yamashita, 1988b;

Saphier & Feldman, 1988). The criterion for these classi®ca-
tions required only that the frequency in the presence of
steroids was above, below or within 20 ± 30% of the pre-

exposure frequency (in each experiment). We found, however,
that even in the absence of drug or vehicle exposure, action-
current frequency could ¯uctuate with time. Instead, we

chose to calculate the mean activity of neurones in the
presence and absence of test substances.

Parvocellular GABA current experiments (slice)

Both whole-cell and outside-out patch experiments followed
methods similar to that of Barrett-Jolley (2001). Neurones

were held at 760 mV and superfused at 2 mls min71 with
34 ± 368C HEPES bu�ered low chloride solution (solution IV,
Table 1). Pipettes contained a HEPES bu�ered low

potassium solution (solution V, Table 1). For whole-cell
experiments, the tip of a pressure ejection pipette (*5 mM)
was placed 40 ± 150 mM away from the target neurone. A brief

pulse (approximately 1 s) of GABA was then applied at the
required ®nal concentration, using a nitrogen gas charged
Picospritzer (General Valve Corporation, Fair®eld, NJ,

U.S.A.). In outside-out patch-clamp experiments, GABA
was applied to the ¯ow solution. Previous studies (Barrett-
Jolley, 2001) showed these currents to be GABAA, blocked
by bicuculline, and reversing around the equilibrium potential

for chloride ions (approximately +40 mV under these
conditions).
Kinetic analysis followed the procedures of Barrett-Jolley

& Davies (1997). Data were initially ®ltered at 5 kHz (8-pole
Bessel) and sampled at 10 kHz. Data were then digitally
®ltered at 2 kHz and dwell times calculated by an automated

50% threshold crossing protocol. The idealized record was
then log binned (Sigworth & Sine, 1987), and ®tted with a
maximum likelihood probability density function. Bursts
were de®ned by a critical closed time. This was calculated

for each patch, by equalizing proportions of misclassi®ed
events.

Parvocellular potassium current experiments (slice)

Neurones were held at 780 mV and continually superfused

with warm (34 ± 368C) ACSF (solution II, Table 1). A low
chloride, HEPES bu�ered pipette solution was used (solution
III, Table 1) and series resistance was routinely in the range

of 5 ± 25 MO and always compensated for by at least 80%,
with the internal Axopatch 200 (or B) circuitry. The voltage
protocols used are given in the ®gure legends. For current
voltage curves, we measured `peak outward' currents,

speci®cally a 2 ms average centred on the maximum current
point in each trace. Conductance ± voltage curves were
calculated for each patch using the following transformation:

G � I

�Vcÿ EK� �1�

where G is the conductance (S), I the current (A), Vc the
command potential (V) and EK is the equilibrium potential
for potassium ions (V). These individual conductance ±

voltage data were then each ®t with the standard Boltzmann
equation:

G�Vc� � Gmax

�1� exp��Vcÿ V1=2�=k�� �2�

where G(Vc) gives the conductance (S) at Vc, Gmax is the

maximum conductance (S), V1/2 is the midpoint parameter
(V) and k is the slope factor.
Mean Boltzmann parameters were calculated from these

individual ®ts. Statistical tests were performed between
populations of control and test patches. Absolute maximum
conductance values tend to vary considerably between cells,
therefore, for display purposes (only), conductance ± voltage

data from each individual patch was normalized and meaned
before plotting (see Figures 6,7,8). This normalization
involved dividing the conductance value at each voltage, by

the previously determined mean Gmax value.

Recombinant potassium channel experiments

hKv 1.1 and 1.3 clones were stably transfected into the
murine erythroleukemia (MEL) cell line (Shelton et al., 1993)

and expression induced with DMSO 1 ± 3 days before patch-
clamp experiments. For patch-clamp experiments, cells were
spun at 800 r.p.m. in a bench-top centrifuge for 2 min
(Fisons MSE), resuspended in a HEPES bu�ered bath

solution (solution VI, Table 1), and transferred to the
recording chamber where they were maintained at room
temperature for up to 1 h. Voltage protocols, and potas-

sium± current analysis procedures were identical to those
used in slice experiments. In some cases hKv1.3 MEL cells
were exposed to 5 mM DTT to restore the phenotypic N-type

inactivation (Ruppersberg et al., 1991). Patch pipettes were
®lled with a low chloride, intracellular solution (solution III,
Table 1).

Electrophysiological recording

In all experiments, patch pipettes were fabricated from thick-

walled borosilicate glass (Harvard's `Clark GC150F') using a
Brown-Flaming MP P-80 horizontal puller (Sutter Instrument
Co.). When ®lled, pipettes had resistances of approximately

5 MO. Data were recorded with an Axon Axopatch 200 (or
200B) ampli®er and low-pass ®ltered at between 2 ± 10 KHz.
In the case of action current measurement, data were

additionally high-pass ®ltered at 0.1 Hz, a level of AC
coupling that has no e�ect on the action ± current waveform.
Analysis was performed with the Axgox suite of programs,
written by Noel Davies, University of Leicester (Davies,

1993), or with custom written software.

Solutions

Six di�erent physiological saline solutions were used in this
study, each of these is summarized in Table 1. All

experiments were conducted at 34 ± 368C, except where
stated.
Cortisol and mifepristone were dissolved in DMSO (as

100 mM stocks). The ®nal concentration of DMSO never
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exceeded 1 : 1000, at which level it is inactive in all the systems
reported in this paper. All drugs and chemicals were supplied
by the Sigma-Aldrich Co. Ltd., Poole, Dorset (U.K.).

Statistics

Means are presented as mean+s.e.mean, n refers to the

number of experiments (i.e., cells or patches). `P4x' values
are derived from unpaired Student's t-tests (except where
stated) between test and control samples calculated with

Microsoft Excel 97, a probability of less than 0.05 is de®ned
as statistically signi®cant. Curve ®tting was performed by the
non-linear curve ®tting algorithms of MicroCal Origin 6.0,

con®dence limits are those returned by Origin.

Results

Action-current frequency increased by cortisol

We began by investigating the possible action of cortisol on a
population of spontaneously active neurones in the parvocel-
lular region of the PVN (see Methods). Following exposure to

cortisol (10 mM) for a period of 2 ± 5 min, spontaneous action ±
current frequency increased to 193+42% (n=5) of the control
(pre-application) frequency (Figure 1A,E).

Effect of cortisol not blocked by mifepristone

Many actions of cortisol are mediated by the glucocorticoid
intracellular receptor (GR) and transcription of a family of
e�ector peptides known as lipocortins (Buckingham, 1996).
Such actions usually have a latency of several hours. More

rapid GR mediated activity has also been reported (Croxtall
et al., 2000), but to date, all cortisol responses resulting from
interaction with GR have proven sensitive to the GR

antagonist, mifepristone (also known as `RU38486', or
`RU486', Gagne et al., 1985; Moguilewsky & Philibert,
1984). Parvocellular PVN neurones express GR in abundance

(Agnati et al., 1985; Fuxe et al., 1985a,b), so to investigate
whether the activation of parvocellular neurones was
mediated by the intracellular GR, we applied 10 mM
mifepristone simultaneously to cortisol. This failed to inhibit

the action of cortisol (Figure 1B,E. 10 mM mifepristone
+10 mM cortisol: 187+48%, n=5).

Investigation of possible GABA receptor interactions with
cortisol

In many cases, steroids modulate neuronal activity by
interaction with GABAA receptors (Majewska et al., 1986;
Paul & Purdy, 1992). Parvocellular PVN neurones express

GABAA receptors (Barrett-Jolley, 2001) and spontaneous
action currents are virtually abolished by application of
300 mM GABA to the ¯ow solution (residual frequency:
2.4+1.1% n=4, Figure 1C,E).

To investigate the likely interaction of cortisol with
GABAA channels, we made both single-channel and whole-
cell patch clamp recordings of parvocellular GABA currents

in the absence and presence of cortisol. These currents are
clearly carried through GABAA ion channel/receptor proteins
due to their reversal near ECl7 and their sensitivity to the

GABAA receptor antagonist bicuculline (Barrett-Jolley,

2001). Bath applied cortisol at concentrations in the range
0.1 ± 10 mM had no e�ect on the amplitude of transient
GABA whole-cell currents evoked by pressure ejection of

300 mM GABA (Figure 2). These data are summarized in
Figure 2E.

To insure that the lack of e�ect on GABA currents was
not simply due to cortisol's failure to penetrate the surface of

the slice, we used the outside-out patch con®guration. In this
technique membrane patches were pulled from parvocellular
neurones and exposed to a continuous stream of ¯ow

solution containing either GABA alone, or GABA with
cortisol. We found 10 mM cortisol to have no detectable
e�ects on either the steady-state kinetic properties of GABAA

Figure 1 Action of cortisol on spontaneously active parvocellular
neurones of the PVN. (A) Application of cortisol (10 mM cortisol)
increases action current frequency. (B) A similar increase in action
current frequency was observed when the cortisol antagonist
mifepristone (RU-486) was applied (10 mM) simultaneously with
cortisol. (C) GABA (300 mM) added to the ¯ow solution abolishes the
spontaneous action current activity of parvocellular neurones. (D)
High resolution, superimposed images action currents in the presence
and absence of cortisol (50 ms sample interval). (E) Relative action ±
current frequencies in the presence of treatment (relative to that prior
to the addition of substance) were as follows: Control (vehicle)
0.85+0.16 (n=14); 300 mM GABA: 0.02+0.01% (n=4), P50.001;
100 nM cortisol: 1.18+0.22% (n=12); 1 mM cortisol: 1.37+0.28
(n=7); 10 mM cortisol: 1.93+0.42% (n=5), P50.01; 10 mM cortisol
+10 mM mifepristone: 1.87+0.48 (n=5), P50.05. `P' values are
derived from Mann±Whitney U-tests between relative action current
frequencies in the presence of drug, compared with relative action
current frequency in the presence of vehicle. Pipette solution III, bath
solution II (Table 1).
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channels (Figures 3A,B and 4, and Table 2), or on mean
GABAA single channel amplitude (Figure 3).

Cortisol interaction with native potassium conductance in
parvocellular neurones

In several cases, where rapid steroid actions appear
independent of GABA receptor interaction, steroids have
been postulated to modulate potassium channels (Chen et al.,

1991; Pennington et al., 1994; Wang et al., 1998; 1999). Any
such modulation of potassium channels is likely to alter
membrane excitability and action potential ®ring frequency.

Chen et al. (1991) reported a small hyperpolarization of
guinea-pig coeliac ganglia by glucocorticoids, and pregneno-
lone sulphate has been shown to positively modulate

recombinant voltage-gated potassium (Kv1.1) channels
(Wang et al., 1998) by shifting their half activation potentials
to more negative potentials. We therefore investigated the
e�ect of cortisol on native voltage-gated potassium currents

of parvocellular neurones. Following inhibition of sodium
currents with TTX, depolarizing command potentials evoke
outward currents (Figure 5A,B) with both sustained and

transient components. Tail current experiments show a
reversal potential near to EK+ and demonstrate these
voltage-gated currents to be predominantly carried by

potassium ions (Figure 5C,D). We constructed steady-state
conductance-voltage (Boltzmann) activation curves for these
currents and calculated a mean half-activation potential (V1/2)
of 727.2+4.7 mV (n=9, Figure 6B,C). In the presence of

bath applied cortisol (incubation time 510 min), potassium
currents were inhibited, with the Boltzmann activation curves
being shifted to more positive values (10 mM cortisol: V1/2

713.2+3.6 mV, n=8, P40.05) There were no signi®cant
changes in either slope or maximum amplitude.

Interaction with recombinant voltage-gated (hKv)
potassium channels

The mouse erythroleukemia cell line (MEL cells) expresses
the glucocorticoid intracellular receptor, GR (Golde et al.,
1979; Tsiftsoglou et al., 1986). Therefore, we chose to
investigate the speci®city of cortisol action on two di�erent

subtypes of potassium channels by applying cortisol to MEL
cells stably transfected with recombinant human hKv
voltage-gated potassium channels (hKv 1.1 and hKv 1.3;

Shelton et al., 1993). Potassium currents were recorded using
protocols similar to those used for rat parvocellular neurones
(above). In some experiments, cortisol or cortisol together

with mifepristone was/were applied to the bath prior to
recording for period of time not exceeding 30 min (Figures 7
and 8). Conductance ± voltage activation curves were con-

structed for both hKv 1.1 and hKv 1.3 and ®tted with
Boltzmann curves in both the presence and absence of
cortisol.
Cortisol shifted the Boltzmann midpoint parameter of hKv

1.3 currents signi®cantly to the right (Figure 7, control: V1/2

720.6+1.5 mV, n=14. 10 mM cortisol (bath+pipette): V1/2

78.3+5.6 mV, n=4, P40.05). This e�ect was observed with

both 1 and 10 mM cortisol, and, importantly, not blocked by
the intracellular glucocorticoid-receptor antagonist, mifepris-
tone (Figure 7, 10 mM cortisol +10 mM mifepristone (bath+-

Figure 2 Action of cortisol on parvocellular GABA currents
(whole-cell). Recordings (A) to (C) show whole-cell GABA currents,
evoked by pressure application of 300 mM GABA to parvocellular
neurones held at 760 mV. GABA pulses were applied at 2 min
intervals. (A) currents recorded prior to the application of 10 mM
cortisol to the ¯ow solution, (B) in the presence of 10 mM cortisol and
(C) following exposure to cortisol. (D) Mean 300 mM GABA response
amplitude during the application of 10 mM cortisol, there is no
signi®cant rapid e�ect of cortisol (n=3). (E) Mean amplitude of
300 mM GABA evoked currents in the presence of 0.1 mM
(95.1+5.8%, n=5), 1 mM (90.4+5.2%, n=3) and 10 mM cortisol
(96.2+3.5%, n=3), relative to control current. Parallel diagonal lines
in (A), (B) and (C) indicate an approximately 1 min interval. Pipette
solution V, bath solution IV (Table 1).

Figure 3 Parvocellular neurone GABAA channel amplitudes un-
a�ected by cortisol. GABA single channel currents (evoked by
300 mM GABA) recorded under control conditions (A), and in the
presence of 10 mM cortisol (B). GABA single-channel all point
amplitude histograms in the absence (C) and presence (D) of 10 mM
cortisol. Single channel amplitudes were not signi®cantly di�erent
under these two conditions: Control; 2.5+0.5 pA (n=5), cortisol
10 mM; 2.4+0.4 pA (n=7). Membrane holding potential 760 mV,
368C, pipette solution V, bath solution IV (Table 1).
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pipette): V1/2 77.4+5.4 mV, n=3, P40.05). Interestingly,

applied in the concentration range of 1 ± 10 mM, cortisol had
no e�ect on hKv 1.1 currents (Figure 8, V1/2 730.0+2.6 mV,
n=8, 10 mM cortisol: V1/2 728.9+1.8 mV, n=5).

Discussion

In this study, we sought to investigate the cellular mechanism
by which cortisol rapidly modulates action potential ®ring

frequency in the parvocellular subdivision of the paraven-
tricular nucleus (PVN). We found cortisol to increase the
frequency of spontaneous action currents in parvocellular
PVN neurones. In parallel to this we found native voltage-

gated potassium currents of parvocellular neurones to be
inhibited. Studies with the glucocorticoid (GC) intracellular-
receptor antagonist, mifepristone, suggested that the excita-

tory e�ect of cortisol was independent of the GC intracellular
receptor. Further experiments with recombinant wild-type
human voltage-gated potassium channels (hKv1.3) suggest

that this e�ect may occur through a direct channel/membrane
interaction.

Cortisol effects on action current frequency

There have been several prior investigations into the rapid
neuronal e�ects of GCs (Avanzino et al., 1984; Filaretov,
1976; Venero & Borrell, 1999). Most of these studies were
conducted in vivo and both excitatory and inhibitory actions

of GCs were observed. For example, excitation was observed
in experiments on hippocampal CA1 neurones (Venero &
Borrell, 1999), neurones in the Raphe nucleus (Avanzino et

al., 1984) and hypothalamic neurones (anterior and posterior,
Filaretov, 1976). Several early studies, directed speci®cally
into rapid GC action in the PVN, also reported both

activation and/or inhibition of neuronal activity by GCs
(Kasai et al., 1988; Kasai & Yamashita, 1988a,b; Saphier &
Feldman, 1988). In this current work, we report a rapid

increase in neuronal activity following application of cortisol.
Several factors could explain why GCs produce apparently
opposite (rapid) e�ects when studied under di�erent experi-
mental conditions. Firstly, in complex, multi-neuronal

systems, particularly in vivo, it is quite possible that both
excitation and inhibition could result from a common action.
For example, excitation of an inhibitory input to the impaled

(or sealed) neurone would result in apparent inhibition.
Secondly, many studies used iontophoretic application of
steroid (Avanzino et al., 1984; Saphier & Feldman, 1988;

Figure 4 Parvocellular neurone GABAA channel dwell times
una�ected by cortisol. Dwell time histograms for GABA channels
recorded in the presence of 300 mM GABA (A, C & E) and 300 mM
GABA +10 mM cortisol (B, D & F). Dwell times are log binned (see
Methods) and event density is displayed on a square root scale. Under
this transformation, individual time constants appear as density
peaks. The histograms show the aggregate data for four patches
analysed in the absence and four patches analysed in the presence of
10 mM cortisol. Mean data for ®ts to each individual patch are shown
in Table 2. Solid lines show the combined ®ts and dotted lines show
the individual components of each ®t. Membrane holding potential
760 mV, 368C, pipette solution V, bath solution IV (Table 1).

Table 2 GABAA channel dwell times in the presence and
absence of cortisol

GABA GABA+Cortisol

Open
t1(area) 0.40+0.06 0.36+0.06

(0.83+0.05) (0.87+0.02)
t2(area) 2.06+0.27 2.06+0.22

(0.17+0.05) (0.13+0.02)
Mean 0.65+0.01 0.57+0.05
CMOT 0.57+0.03 0.50+0.05

Closed
t1(area) 0.39+0.13 0.44+0.10

(0.38+0.03) (0.45+0.03)
t2(area) 4.31+1.61 8.88+5.04

(0.22+0.03) (0.23+0.03)
t3(area) 158.43+73.80 231.69+158.13

(0.25+0.04) (0.17+0.04)
t4(area) 763.18+331.66 1345.62+688.55

(0.16+0.03) (0.20+0.02)
Mean 172.44+92.23 323.55+216.23

Burst
t1(area) 0.46+0.10 0.38+0.08

(0.67+0.03) (0.62+0.04)
t2(area) 9.07+2.45 12.27+4.35

(0.33+0.03) (0.38+0.04)
Mean 3.26+0.85 4.50+1.19

Dwell time parameters (given in ms and proportional areas)
were measured in four patches in the presence of 300 mM
GABA and four patches in the presence of 300 mM
GABA+10 mM cortisol. None of the mean dwell times
calculated in the presence of cortisol and GABA were
signi®cantly di�erent from that calculated in the presence of
GABA alone. Membrane holding potential 760 mV, 368C,
pipette solution V, bath solution IV (Table 1).
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Venero & Borrell, 1999). Whilst this is an excellent system for

a rapid and controlled release of ligand at a reasonably
precise locus, there is very little knowledge of the concentra-
tion which actually reaches the neuronal membrane. Some of

the other studies mentioned above used intravenous infusion
of steroid (e.g., Filaretov, 1976). Although steroids are
lipophilic and most will readily cross the blood brain barrier,

it is di�cult to calculate the concentration immediately
surrounding any particular neuronal membrane. Thirdly,
GCs may act by several non-genomic mechanisms in addition
to the well characterized genomic mechanisms (Falkenstein et

al., 2000).

Lack of cortisol interaction with GABAA channels

There is substantial evidence to suggest that in most cases,
rapid modulatory actions of neuroactive steroids involve an

interaction with GABAA receptors. For example, GABAA

currents are inhibited by pregnenolone sulphate and tetra-
hydroxycorticosterone (Majewska et al., 1988; Wetzel et al.,
1999) and activated by allopregnanolone and tetrahydrox-

ycorticosterone (Paul & Purdy, 1992; Wetzel et al., 1999).
Additionally, glucocorticoids modulate GABAA receptor
binding in rat brain (Majewska et al., 1985; Majewska,
1987) and GABAA channel current in guinea-pig ileum and

amphibian brain (Andres-Trelles et al., 1989; Ariyoshi &
Akasu, 1986). Several GABAergic pathways input the PVN
(Hermes et al., 1996; Tasker & Dudek, 1993) and PVN

parvocellular neurones express GABAA receptors (Barrett-
Jolley, 2001) and are inhibited by addition of bath applied
GABA (Figure 1C). However, surprisingly, we could detect

no acute modulation of GABAA currents at either the whole-
cell or the single-channel level. Furthermore, cortisol
modulation of GABAA currents in the mammalian brain

has never been shown. The study by Andres-Trelles et al.
(1989) that found modulation of guinea-pig ileum GABAA

currents by cortisol failed to show any similar modulation of
GABAA currents in the cuneate nucleus. It is possible that

glucocorticoids are only active on certain subtypes of the
GABAA receptor. There are no published data speci®cally on
GABA subtypes of parvocellular PVN neurones, however,

the PVN as a whole is rich in the GABAA a2-subunit
(Cullinan, 2000; Fenelon et al., 1995; Fenelon & Herbison,
1995; 1996; Fritschy & Mohler, 1995), which is necessary for

Figure 6 Action of cortisol on native potassium currents in
parvocellular PVN neurones. (A) Potassium currents recorded in the
absence and presence of 10 mM cortisol. The dotted line shows the zero
current level. The voltage protocol is illustrated in the upper panel.
Neurones were held at 780 mV and stepped to a command potential
of, in this example, 710 mV. (B) Mean normalized Boltzmann curves
from a number of experiments similar to that shown in (A). (C) Mean
Boltzmann parameters obtained from ®ts to individual experiments.
Only the midpoint cortisol parameter is signi®cantly di�erent from the
control value. Control: V1/2 727.2+4.7 mV, k 7.1+2.3 mV,
maximum 11.3+3.0 nS, n=9. 10 mM cortisol: V1/2 713.2+3.6 mV
(P50.05), k 14.2+0.8 mV, maximum 19.0+6.2 nS, n=8. Pipette
solution III, bath solution II (Table 1).

Figure 5 Potassium currents in parvocellular neurones. (A) A
family of voltage-gated currents recorded from parvocellular
neurones in brain slice experiments under control conditions. The
upper panel illustrates the voltage protocol. Neurones were held at
780 mV and stepped to command potentials in the range of
7120 mV to +70 mV, in 10 mV increments. Five seconds were
allowed in between each pulse for recovery of inactivation. (B) Mean
(peak) current-voltage curves for nine experiments similar to that
shown in (A). (C) To measure tail currents a di�erent protocol was
used (illustrated in the upper panel). Neurones were held at 780 mV
and stepped to a conditioning voltage of +40 mV, before stepping to
a test potential of between 730 mV and 7130 mV. The dotted line
shows the zero current level. The inset shows a blow up of the tail
current region of the main trace (x-axis ampli®ed 36, y-axis
ampli®ed 26). The solid lines are simple exponentials ®t to the tail
currents. (D) Mean tail current amplitudes for four experiments
similar to that in (C), the smooth line represents a Goldman±
Hodgkin ±Katz current equation ®t to the data (Hille, 1984c): Pk/PNa

ratio 0.021 (95% con®dence limits 0.003 ± 0.03, n=8). Vrev 785 mV.
Pipette solution III, bath solution II (Table 1).
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the potentiatory actions of allopregnanolone (Maitra &
Reynolds, 1999). Less is known about the possible PVN
distribution of the important g3-subunit (Maitra & Reynolds,

1999). On the other hand, GABAA `antagonism' by
pregnanolone sulphate appears to involve the TM2 domain
of the GABAA a1-subunit (Akk et al., 2001), which is less
prevalent in the PVN (Cullinan, 2000; Fenelon et al., 1995;

Fenelon & Herbison, 1995; 1996; Fritschy & Mohler, 1995).

Interaction with potassium currents

In a number of studies where the neuromodulatory e�ects of
steroids have been shown not to involve GABA receptors, the

primary site of action has been potassium ion channels (Chen
et al., 1991). We therefore chose to investigate the possibility
that cortisol could alter parvocellular neurone action
potential ®ring frequency via the modulation of potassium

channels.
We found that cortisol induced a rightward shift in the

potassium conductance voltage curve. This represents

potassium current inhibition, through a weakening of voltage
sensitivity, rather than by block of the channel pore itself
(Hille, 1984a). This response is the opposite to that elicited by

the structurally related steroid, pregnenolone sulphate (on Kv
1.1 channels, 10 ± 100 mM; Wang et al., 1998), or the cortisol
induced hyperpolarisation observed by Chen et al. (1991), but

consistent with the observed increase in action current
frequency induced by cortisol (Hille, 1984b). Without some
means to block the cortisol action, it is not possible to
con®rm whether this potassium current modulation causes

the action ± current frequency increase. To further investigate
the potassium current modulation, we tested cortisol on a cell
line (mouse erythroleukemia, MEL) expressing both the GC

intracellular receptor (GR: Golde et al., 1979; Tsiftsoglou et
al., 1986) and recombinant human potassium channels
(Shelton et al., 1993). The inhibition of hKv 1.3 by cortisol

Figure 8 Action of cortisol on recombinant hKv1.1 potassium
channels. (A) Illustration of the voltage protocol used; cells were held
at 780 mV and stepped to command potentials in the range of
7120 mV to +60 mV, in 10 mV increments. Up to 20 s was allowed
between each pulse for recovery of inactivation. (C) A family of
hKv1.1 potassium currents recorded under control conditions. (C) A
family of hKv1.1 potassium currents recorded in the presence of
10 mM cortisol. (D) Mean normalized Boltzmann curves from a
number of experiments similar to those shown in (B) & (C). (E)
Neither 1 mM or 10 mM cortisol caused signi®cant alteration in
midpoint parameters. Control V1/2 730.0+2.6 mV, k 8.4+1.2 mV,
maximum 4.8+1.9 nS (n=8). 1 mM cortisol: V1/2 730.4+3.3 mV, k
7.1+1.0 mV, maximum 2.0+0.9 nS (n=5). 10 mM cortisol: V1/2

728.9+1.8 mV, k 8.0+1.2 mV, maximum 5.1+1.1 nS (n=5). 248C
Pipette solution III, bath solution VI (Table 1).

Figure 7 Action of cortisol on recombinant hKv1.3 potassium
channels. (A) Illustration of the voltage protocol used; cells were
held at 780 mV and stepped to command potentials in the range of
7120 mV to +70 mV, in 10 mV increments. Up to 20 s was allowed
between each pulse for recovery of inactivation. (B) A family of
hKv1.3 potassium currents recorded under control conditions. (C) A
family of hKv1.3 potassium currents recorded in the presence of
10 mM cortisol. (D) Mean normalized Boltzmann curves from a
number of experiments similar to those shown in (B) & (C). (E) Shift
in midpoint parameter was statistically signi®cant at both 1 mM and
10 mM, and greatest when cortisol was included both in the bath, and
in the pipette (indicated by `10 mM*'). Note that 10 mM mifepristone,
applied in conjunction with cortisol (indicated by `+MIF') failed to
inhibit the midpoint shift by cortisol. Control: V1/2 720.6+1.5 mV, k
5.7+0.6 mV, maximum 4.5+0.9 nS (n=14). 0.01 mM cortisol: V1/2

721.1+1.9 mV, k 2.9+1.4 mV, maximum 0.9+0.1 nS (n=4). 0.1 mM
cortisol: V1/2 716.4+3.0 mV, k 5.8+1.0 mV, maximum 2.5+0.3 nS
(n=6). 1 mM cortisol: V1/2 715.0+3.0 mV (P50.05), k 5.8+1.0 mV,
maximum 3.0+0.6 nS (n=7). 10 mM cortisol: V1/2 712.9+2.3 mV
(P50.05), k 9.4+1.7 mV, maximum 8.0+1.7 nS (n=12). 10 mM
cortisol (bath+pipette): V1/2 78.3+5.6 mV (P50.05), k
11.2+6.3 mV, maximum 5.5+1.3 nS (n=4). 10 mM cortisol +10 mM
mifepristone (bath+pipette): V1/2 77.4+5.4 mV (P50.05 compared
to control), k 10.7+1.7 mV, maximum 7.1+3.6 nS (n=3). 248C
Pipette solution III, bath solution VI (Table 1).

British Journal of Pharmacology vol 137 (1)

Rapid neuromodulation by cortisol in the rat PVNA. Zaki & R. Barrett-Jolley94



largely mimicked the e�ect observed in native tissue.
Strikingly, again, the cortisol e�ect was not blocked by a
saturating concentration of mifepristone, despite the MEL

cell GC receptor clearly being mifepristone sensitive (Mayeux
et al., 1985). hKv 1.3 is widely distributed throughout the
CNS (Coetzee et al., 1999), however, and so it seems likely
that this e�ect too, may be quite widespread, rather than

limited to just parvocellular neurones. The lack of interaction
between cortisol and hKv 1.1 does, however, imply some
speci®city to the interaction. Although a speci®c functional

role for hKv 1.3 is not known (Coetzee et al., 1999), its
somewhat transient nature suggests that it may be involved
with control of neuronal ®ring frequency (Hille, 1984b).

Mechanism and physiological roÃles

GCs exert both rapid and delayed feedback actions in the
hypothalamus (Buckingham, 1996). The primary mechanism
of action of cortisol during the delayed phase being through
interaction with the GC intracellular receptor and transcrip-

tion of lipocortin (Buckingham, 1996). Much less is known
about the mechanisms of cortisol rapid action, although
Croxtall et al. (2000) recently showed additional rapid actions

of GCs mediated by the same intracellular receptor, but
independent of lipocortin transcription. Some other rapid
actions of GCs, such as those reported here, are however,

independent of the GC intracellular receptor, GR (or, at
least, mifepristone insensitive, e.g., Venero & Borrell, 1999).
Furthermore, a membrane (non-genomic) GC receptor

recently isolated from amphibian brain (`mGR' Evans et
al., 2000) is quite distinct from the intracellular receptor,
having both a low a�nity for dexamethasone and an
insensitivity to mifepristone (Orchinik et al., 1991). Whilst

we would not expect mGR to be expressed in the
erythroleukemia derived MEL cell line, no studies have yet
determined this neuronal receptor's distribution across other

species or in other tissues. Another, perhaps more likely
explanation of cortisol's mechanism of action observed in the
several systems studied here is through direct interaction with

potassium channels at the lipid-ion channel interface,
although this is a di�cult hypothesis to examine explicitly.
The concentration range we studied (0.1 ± 10 mM) comfor-

tably overlaps the physiological norm. Glucocorticoids, such
as corticosterone (mostly in rats) and cortisol (mostly in
humans) would normally be maintained in the range of
approximately 0.1 ± 0.45 mM (free plasma concentration,

Bowman & Rand, 1980; Ekman et al., 1961) and follow a
circadian rhythm. Concentrations of most GCs in the brain
will then follow concentrations in the plasma, although brain

cortisol levels can be up to 306 that of the plasma (cats:
Henkin et al., 1968). We found cortisol to be active at 1 mM,
a concentration exceeded during high stress (e.g., in rats

3 mM: Bassett et al., 1978), trauma (patients with multiple
trauma 41 mM: Vermes et al., 1995), disease (e.g., Cushing's
syndrome 41 mM free cortisol (54 mg/100 ml): Ekman et al.,

1961) and medication (De Vroede et al., 1998; Salem et al.,
1994), but possibly above that required for feedback
inhibition of the HPA-axis itself (Buckingham, 1979b,c;
Buckingham & Hodges, 1977). Parvocellular PVN neurones

also synapse with sympathetic preganglionic neurones, and
are believed to be important for regulation of cardiovascular
control (Badoer, 2001; Coote, 1995; Pyner & Coote, 2000). It

is therefore possible that interaction between glucocorticoids
and parvocellular neurone Kv channels could partly explain
the increase in blood pressure induced by central adminis-

tration of cortisol (Scheuer & Bechtold, 2001; Takahashi et
al., 1983). Furthermore, a more widespread interaction
between glucocorticoids and neuronal potassium channels

could contribute to many of the psychological e�ects of
hypercortisolism, such as confusion and memory loss
(Gustafson et al., 1993; Newcomer et al., 1999).

This work was funded by a British Heart Foundation Fellowship
awarded to R. Barrett-Jolley. We would also like to express our
thanks to Professor John Coote and Dr Caroline Dart for their
invaluable help during this work.
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